Abstract: C57BL/6N inbred mice are used as the genetic background for producing knockout mice in large-scale projects worldwide; however, the genetic divergence among C57BL/6N-derived substrains has not been verified. Here, we identified novel single nucleotide polymorphisms (SNPs) specific to the C57BL/6NJ strain and selected useful SNPs for the genetic monitoring of C57BL/6N-derived substrains. Informative SNPs were selected from the public SNP database at the Wellcome Trust Sanger Institute by comparing sequence data from C57BL/6NJ and C57BL/6J mice. A total of 1,361 candidate SNPs from the SNP database could distinguish the C57BL/6NJ strain from 12 other inbred strains. We confirmed 277 C57BL/6NJ-specific SNPs including 10 nonsynonymous SNPs by direct sequencing, and selected 100 useful SNPs that cover all of the chromosomes except Y. Genotyping of 11 C57BL/6N-derived substrains at these 100 SNP loci demonstrated genetic differences among the substrains. This information will be useful for accurate genetic monitoring of mouse strains with a C57BL/6N-derived background.
Introduction
C57BL/6 is the best-known inbred mouse strain and has been used as the genetic background for spontaneous and induced mutations. To produce knockout mice, embryonic stem (es) cells derived from 129 mouse substrains were used initially to manipulate the mouse genome [19] ; however, these substrains were not suitable for most biomedical studies, especially in immunology, neurobiology, and physiology [4, 13, 28] . Backcrossing to C57BL/6 mice is carried out frequently to generate congenic strains to facilitate phenotypic analyses, but this procedure requires additional cost and time. in addition, the targeted locus from the original es cell genome remains in the congenic mice and may confound the results of studies using these animals [6] . Therefore, es cells with a pure C57BL/6 genetic background are more useful for the generation of knockout mice.
recently, C57BL/6 mouse-derived es cells were established in several laboratories. importantly, es cells derived from C57BL/6N mice maintained their pluripotency after homologous recombination [18, 25] , and the methods used to generate germline-transmitting chimeric mice have been improved [5] . The international Knockout Mouse Consortium (iKMC) conducted largescale mutagenesis to mutate all of the protein-coding genes in mice using gene trapping and targeting in es cells [9, 22] . since then, several mouse es cells derived from the C57BL/6NTac strain have been used as standard es cells for the production of mutant alleles [5, 18] . Moreover, the international Mouse Phenotyping Consortium has used the iKMC-targeted C57BL/6N es cell clones to undertake the broad-based phenotyping of 20,000 mouse genes [2] . since the 1950s, the C57BL/6 strain has diverged into several substrains, including two major groups, C57BL/6J and C57BL/6N. Currently, more than 20 inbred substrains derived from C57BL/6J and C57BL/6N mice have been established and distributed worldwide [1, 16] . The C57BL/6J strain has many specific single nucleotide polymorphisms (sNPs) that distinguish it from other inbred strains [17] , and sNPs that can differentiate C57BL/6J substrains have also been identified [14, 32] . in addition, several phenotypic differences have been reported among C57BL/6J substrains [8, 20, 23, 24] . C57BL/6J-specific SNP information is useful for the genetic monitoring of mouse strains with a C57BL/6J-derived background and interpretation of phenotypic data.
at least, 11 C57BL/6N-derived substrains exist and are commercially available. However, genetic variation among C57BL/6N-derived substrains, including C57BL/6NTac, which was used to generate the iKMC ES cells has not yet been verified. Previously, C57BL/6J-specific sNPs detected by comparing the reference C57BL/6J sequence [15] with other inbred mouse strains have been reported [7, 17, 26, 27, 29, 31] ; however, C57BL/6N was not included in these sNP data. recently, the Wellcome Trust sanger institute (WTsi) published whole genome resequencing data of 17 key mouse inbred strains including C57BL/6NJ, which enabled us to identify C57BL/6NJ-specific SNPs through comparisons with other inbred strains [10, 30] .
In this study, we searched for SNPs specific to the C57BL/6NJ strain using the resequence database of the WTsi. Moreover, in light of the branching history of C57BL/6N-derived substrains, we found variation in the number of accumulated C57BL/6NJ-specific sNPs among the C57BL/6N-derived substrains, which can be used to differentiate the substrains.
Materials and Methods

Animals
sNP genotyping was conducted in 11 C57BL/6N and 7 C57BL/6J-derived inbred substrains available from different breeders and holders around the world (Table  1) . as for the C57BL/6NJ, C57BL/6By, C57BL/6ByJ, and C57BL/6JeiJ strains, genomic dNa from one animal of each strain was obtained from The Jackson Laboratory Mouse dNa resources (stock #005304, #000663, # 001139, and #000924, respectively; Bar Harbor, Me). as for the other strains, live mice or frozen tissue from two animals of the C57BL/6N-derived substrain and one animal of the C57BL/6J-derived substrain were used, respectively. Genomic dNa was extracted from the tail tips or kidneys using an autogen Na-2000 automatic nucleic acid isolation system (KuraBo industries Ltd., osaka, Japan) and/or a dNeasy Blood & Tissue Kit (QiaGeN GmbH, Hilden, Germany). all animal experiments were conducted in accordance with the regulations for animal experiments of riKeN (october 1, 2003 Nomenclatured strain names of each C57BL/6 substrain were in accordance with JaX® NoTes [16] .
including those involving animals (exp10-002), were approved by the animal experiments Committee of the riKeN Tsukuba institute.
In silico selection of informative SNPs for C57BL/6NJ
informative sNPs were selected from the public sNP database at the Mouse Genome Project, WTsi (http:// www.sanger.ac.uk/sanger/Mouse_snpViewer/rel-1303), by comparing the sequence data of C57BL/6NJ with that of the C57BL/6J reference strain. sNPs marked with a "high confidence" call on the database were extracted, and then candidate C57BL/6NJ-specific SNPs were selected through a comparison with sequence data from the 12 other inbred mouse strains in the database (129P2/ olaHsd, 129s1/svimJ, 129s5/svevBrd, a/J, aKr/J, BaLB/cJ, C3H/HeJ, CBa/J, dBa/2J, LP/J, Nod/ shiLtJ, and NZo/HlLtJ).
Experimental confirmation of SNPs and genotyping
To confirm whether the in silico-selected C57BL/6NJ-specific candidate SNPs were present in mouse DNA samples, the sNP loci of the C57BL/6NJ and C57BL/6J strains were genotyped by PCr and direct sequencing. Target regions containing the candidate sNPs were amplified by PCR with flanking primers designed by using BatchPrimer3 v1.0 (probes.pw.usda.gov/batchprimer3/ index.html). PCr was performed using a QiaGeN multiplex PCr Kit (QiaGeN GmbH) according to the manufacturer's protocol. The PCr products were electrophoresed and separated on an e-Gel CloneWell 0.8% sYBr safe gel using an e-Gel iBase Power system (both from Life Technologies, Carlsbad, Ca). sequencing reactions were performed in a dNa engine® and dyad™ PTC-220 Peltier Thermal Cycler (Bio-rad, Laboratories, inc., Hercules, Ca) using an aBi Bigdye® Terminator v3.1 Cycle sequencing Kit with ampliTaq dNa polymerase (Life Technologies), following the protocols supplied by the manufacturers. single-pass sequencing was performed on each template primer. The fluorescently labeled fragments were purified from the unincorporated terminators with an ethanol precipitation protocol. The samples were resuspended in distilled water and then subjected to electrophoresis in an aBi 3730 × l sequencer (Life Technologies). After the SNPs were confirmed in both strains, the other C57BL/6 substrains were genotyped by the same method. The flanking primers used for each sNP typing are listed in Table 4 .
Results
From the sNP database, 1,361 informative sNPs on all of the chromosomes except Y were screened, and the sNPs were able to distinguish C57BL/6NJ from the other 12 inbred strains in silico ( Table 2) . No informative sNPs on chromosome Y were found in the database. among the informative sNPs, 486 candidate sNPs from chromosome 1-X were selected to include approximately 1 sNP locus per 10 Mb, and the genotypes of the selected sNP loci were examined by direct sequencing of C57BL/6J and C57BL/6NJ dNa samples. as a result, 315 sNP loci were sequenced successfully and 277 sNPs were confirmed to be specific to C57BL/6NJ. The genotypes of the remaining 38 sNP loci were not consistent with the data in the sNP database. according to the ensembl Mouse Genome server (www.ensembl.org/ Mus_musculus/info/index), 10 of the 277 sNPs were nonsynonymous variant sNPs, such as missense or stopgain variants, which were predicted to affect the amino acid sequence of the protein (Table 3) . Next, 100 sNPs for genetic monitoring of C57BL/6N-derived substrains were selected from the 277 sNPs to include 1 sNP locus per 10-40 Mb to cover all of the chromosomes except Y (Table 4) , and these sNPs were genotyped in the other 10 C57BL/6N and 6 C57BL/6J-derived substrains. all C57BL/6N and C57BL/6J-derived substrains were homozygous for these 100 sNP loci. in addition, when two samples from the same strain were genotyped in the C57BL/6N-derived substrains, they were found to be completely identical. The genotyping results for the C57BL/6J-derived substrains were consistent with the C57BL/6J reference sequence in the database. sNP genotyping demonstrated variation in the number of C57BL/6NJ-specific sNPs among the C57BL/6N-derived substrains (Table 5) . Fourteen sNPs at Locus Nos. 10, 13, 14, 22, 30, 42, 44, 45, 54, 58, 63, 68, 84, and 93 were shared commonly, while the remaining 86 sNPs were only shared partly among the 11 C57BL/6N-derived substrains.
Discussion
The relationship between the genealogy of the C57BL/6N-derived substrains used in this study and the number of the 100 C57BL/6NJ-specific SNPs in the substrains is summarized in Fig. 1 . Milestones in the establishment of the strains were obtained from the product catalogs of the breeders and previous reports [14, 16] . The C57BL/6 strain was separated from the C57BL parental strain at the end of the 1940s and introduced to The Jackson Laboratory. a few years later, C57BL/6 mice were sent to the National institutes of Health (NiH; Bethesda, Md) from The Jackson Laboratory, and the C57BL/6N mice were separated into the other C57BL/6N substrains, including the C57BL/6By strain, at different times. C57BL/6NCrsim mice from simonsen Laboratories (Gilroy, Ca) were derived from C57BL/6N mice at the NiH in 1995. C57BL/6NTac mice from Taconic Farms (New York, NY) were derived from the NiH animal Genetic resource at F151 in 1991. C57BL/6NJ mice were derived from embryos cryopreserved at the NiH in 1984. C57BL/6NJcl mice were introduced to the Central institute for experimental animals (Kawasaki, Japan) from the NiH at F121 in 1978, and then transferred to CLea Japan (Tokyo, Japan) at F146 in 1988. Charles river Laboratories (Wilmington, Ma) obtained C57BL/6N mice from the NiH in 1974. The C57BL/6NCrl mice were further transferred to Charles river Laboratories Japan (Yokohama, Japan) at F101 in 1976, and since then, the mice have been distributed as C57BL/6NCrlCrlj. C57BL/6Nseac mice were intro- 
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its branching date from the original C57BL/6N strain ( Fig. 1) . each C57BL/6N-derived substrain, except C57BL/6NTac and C57BL/6NCrsim, could only share C57BL/6NJ-specific SNPs that had arisen before its branching from the original C57BL/6N strain. The oldest C57BL/6By and C57BL/6ByJ strains may well preserve the genotype of C57BL/6N in approximately 1961 and only share 14 sNPs with other later substrains. as for the C57BL/6NTac and C57BL/6NCrsim strains, they only shared C57BL/6NJ-specific SNPs that had arisen before the C57BL/6NJ mice branched from the original C57BL/6N strain in 1984. eleven sNPs that were detected only in the C57BL/6NJ strain were assumed to have arisen in C57BL/6NJ after it branched from the C57BL/6N strain in 1984. in other words, we could determine retrospectively when the C57BL/6NJ-specific sNPs had arisen by comparing the branching history and accumulated C57BL/6NJ-specific SNPs in different C57BL/6N-derived substrains. similar observations have been reported previously in C57BL/6J-derived substrains [14, 32] . The C57BL/6NCrlCrlj and C57BL/6Nseac substrains that branched directly from C57BL/6NCrl and C57BL/6NCrlCrlj, respectively, but not directly from the original C57BL/6N, had only 70 C57BL/6NJ-specific SNPs, which is less than that of C57BL/6NCrl (Fig.  1) . This corresponds to the number of discontinuous distribution patterns of sNPs seen in Table 5 . one possible explanation for the discontinuous distribution of sNPs is that the 9 sNP loci, Nos. 20, 32, 38, 46, 48, 52, 66, 70, and 72 (Table 5) , were heterozygous just before the branching of the C57BL/6NHsd and C57BL/6NCrl strains in 1974. Then, the SNPs were independently fixed to either C57BL/6NJ type or C57BL/6J type in the sub- sequent inbreeding of each substrain. Finally, 6 sNP loci (Nos. 20, 38, 46, 48, 52 and 66) of C57BL/6NHsd and 8 sNP loci (Nos. 32, 38, 46, 48, 52, 66, 70 and 72) of C57BL/6NCrl were thought to be fixed to C57BL/6NJ type, while the 9 sNP loci of C57BL/6NCrlCrlj and C57BL/6NSeac were fixed to C57BL/6J type. Although there was no significant difference in the pattern of the 100 selected sNPs between C57BL/6By and C57BL/6ByJ, and C57BL/6NTac and C57BL/6NCrsim, informative sNPs that can be used to discriminate these substrains can be found by genotyping additional candidate sNPs in the future.
in the selected 277 sNPs, 10 nonsynonymous sNPs were identified that were predicted to affect the amino acid sequence of the protein (Table 3 ). according to the ensembl Mouse Genome server, 4 of these 10 sNP variants, which occurred in the Myo18b, Olfr577, Cyfip2, and Adamts12 genes, were predicted to affect adversely each protein's function. Notably, the ser968Phe variant of Cyfip2 in C57BL/6N mice was reported recently by Kumar et al. [11] ; this mutation destabilizes CYFiP2 protein and leads to acute and sensitized cocaine-response phenotypes. although the C57BL/6N-derived substrains are closely related strains, such genetic differences would undoubtedly affect the phenotypes in various studies and interact with targeted mutations. other phenotypic differences in behavior have been also reported among several C57BL/6N-derived substrains [3, 12] . as for the C57BL/6J and C57BL/6N strains, a relationship between genome variation and phenotypic changes has also been demonstrated [21] . in the future, advanced phenotypic analyses among the C57BL/6N-derived substrains will reveal novel functions of the genome variations detected among these substrains.
all of the sNPs detected in this report, including several nonsynonymous sNPs, will also be instrumental in the accurate identification of the C57BL/6N-derived substrain status of mutant mice and avoid the incorrect interpretation of data due to background effects. Furthermore, the selected sNP markers will be useful for quickly producing congenic strains to move a targeted mutation from one C57BL/6N-derived substrain to another substrain. Hence, our findings will serve as useful markers for the accurate and sophisticated genetic monitoring of C57BL/6N-derived congenic strains.
